In synaptic terminals and specialized endocrine cells, a brief depolarization activates voltage-activated Ca 2+ channels (VACCs). In so-called Ca 2+ microdomains around the inner mouth of an open calcium channel, calcium is believed to increase to several tens or even hundreds of micromoles (Neher, 1998) . Secretory vesicles within such a microdomain can fuse immediately with the plasma membrane (the immediately releasable pool, IRP) (Horrigan & Bookman, 1994) , while the rate of fusion for the secretory vesicles outside the Ca 2+ microdomain is several orders of magnitude lower (Voets et al. 1999; Sorensen, 2004) .
Melanotrophs, neuroendocrine cells from the intermediate lobe of the pituitary, secrete α-melanocyte stimulating hormone (α-MSH) and β-endorphin in response to electrical activity (Mains & Eipper, 1979) . Both peptide hormones are stored in several tens of thousands of vesicles, of which only ∼5% dwell in close apposition to the plasmalemma and are referred to as morphologically docked (Parsons et al. 1995) . In isolated rat melanotrophs, a rapid and homogeneous release of caged Ca 2+ by flash photolysis is able to deplete all these docked vesicles in an ATP-independent manner (Thomas et al. 1993a; Parsons et al. 1995; Rupnik et al. 2000) . Short depolarization trains (lasting up to 10 s), on the other hand, trigger a release of a much smaller number of release-ready vesicles (Thomas et al. 1990; Mansvelder & Kits, 1998; Sedej et al. 2004) and allow secretory vesicles fusing near the open calcium J Physiol 567.3 channels to be separated from those outside Ca 2+ microdomains, particularly when an endocrine slice preparation is used (Moser & Neher, 1997b) .
In addition to a direct modulation by VACCs, stimulus-secretion coupling is controlled by multiple downstream intracellular messengers that further regulate secretion in neuroendocrine cells (Okano et al. 1993; Gillis et al. 1996; Sikdar et al. 1998 ). In particular cAMP, which is generally believed to act by activating protein kinase A (PKA), is able to enhance exocytosis in synapses (Chavez-Noriega & Stevens, 1994) , chromaffin cells (Morgan et al. 1993; Carabelli et al. 2003) , pancreatic β-cells (Ämmälä et al. 1993; Eliasson et al. 2003; Wan et al. 2004 ) and pituitary cells (Lee, 1996; Sikdar et al. 1998) . Recently, another cAMP-dependent, but PKA-independent, mechanism has been suggested to explain an alternative mechanism of cAMP action on the Ca 2+ -dependent exocytosis involving cAMP-guanine nucleotide exchange factors (GEFs), also known as Epacs (Epac1 and Epac2) (Kawasaki et al. 1998; de Rooij et al. 2000; Ozaki et al. 2000; Eliasson et al. 2003; Zhong & Zucker, 2005) . The expression of cAMP-GEFII/Epac2 mRNA has been reported in mouse anterior pituitary (Ozaki et al. 2000) and melanotrophs (T. Iwanaga & S. Seino, personal communication) .
The effect of cAMP in isolated rat melanotrophs is measured under conditions in which there is an increase in [Ca 2+ ] i and the process is maximally activated in the range between 450 nm (Sikdar et al. 1998 ) and 3 µm (Lee, 1996) . The increase in secretory activity by cAMP through PKA has been associated with the increase in the size of unitary exocytotic events (Sikdar et al. 1998 ). However, a detailed and high time-resolved analysis of the effect of elevated intracellular cAMP levels on the kinetics of secretory vesicle pool depletion in melanotrophs has not been performed so far. A possible reason might be the reduced sensitivity of fusion apparatus during the cell isolation and culturing process as shown also in chromaffin cells (Moser & Neher, 1997b) . Hence, we used the advantages offered by pituitary slice preparation to assess the role of cAMP in Ca 2+ -dependent secretory activity. The effect of cAMP on exocytosis may account for the physiological regulation of exocytotic peptide hormone output from adult melanotrophs. Under non-stimulated conditions, the majority of melanotrophs are under tonic dopaminergic inhibition (Millington & Chronwall, 1989) . Acute stimulation of dopamine D 2 receptors, for seconds or minutes, reduces the cytosolic level of cAMP via a reduction of adenylyl cyclase activity (Munemura et al. 1980; Frey et al. 1982) . Tonic inhibition due to dopaminergic innervation and activation of D 2 receptors keeps cAMP levels low (Frey et al. 1982) . This innervation is absent at birth (Gomora et al. 1996) and is further antagonized by oestrogen signalling (Dufy et al. 1979) . We showed, in our previous work, that increased secretory activity in melanotrophs from newborn and pregnant mice is attributed to the elevated physiological levels of oestrogen (Sedej et al. 2004) . Exactly which signal transduction pathway explains how 17β-oestradiol triggers hormone secretion has been unclear. We hypothesized that 17β-oestradiol activates adenylyl cyclase and increases the cAMP levels as found in chromaffin cells (Machado et al. 2002) and uterine cells (Aronica et al. 1994) . Therefore, it is likely that in adult melanotrophs, oestrogen may antagonize dopamine through cAMP-dependent mechanism(s) during the physiological states that demand glandular hyperactivity, e.g. during pregnancy.
Here, we show that mouse melanotrophs from tissue slices displayed a clear separation between the fusion of release-ready vesicles within the Ca 2+ microdomain (∼15 vesicles) from the release of secretory vesicles outside the microdomain (the linear component). In addition, during prolonged stimulation the cytosolic [Ca 2+ ] i reached a threshold (> 800 nm) and triggered exocytosis of another set of the secretory vesicles (the threshold component) that required ATP-dependent reactions (e.g. priming). Both exocytotic components were sensitive to cAMP. As in several other neuroendocrine systems, both PKA-dependent (threshold component) and cAMP-GEFII/Epac2-dependent (linear component) pathways selectively controlled the Ca 2+ -dependent secretory activity at resting and elevated cAMP levels, respectively. The present work suggests a physiological implication of elevated cAMP in increased secretory activity in pituitary cells from pregnant female mice governed both PKA-and cAMP-GEFII/Epac2-dependent mechanism.
Methods

Pituitary slice preparation
NMRI mice (adult male, 6-10 weeks old; pregnant female, day 19 and newborn: P1-P2) were killed by exposure to a CO 2 atmosphere and decapitated. Animal work was performed according to the regulations of the State of Lower Saxony, Germany. Acute pituitary slices, 80 µm thick, were prepared as previously described (Sedej et al. 2004) . Briefly, the pituitary was carefully removed from the skull and rinsed with ice-cold external solution 1 composed of (mm): NaCl 125, KCl 2.5, NaH 2 PO 4 1.25, sodium pyruvate 2, myo-inositol 3, ascorbic acid 0.5, glucose 10, NaHCO 3 26, MgCl 2 3, CaCl 2 0.1, lactic acid 6. The gland was then embedded in 2.5% low melting agarose (Seaplaque GTG agarose, BMA, Walkersville, MD, USA), glued on the sample plate of a vibrotome VT1000S (Leica, Nussloch, Germany) and sectioned in ice-cold external solution 2 (mm): KCl 2.5, NaH 2 PO 4 1.25, sodium pyruvate 2, myo-inositol 3, ascorbic acid 0.5, sucrose 250, glucose 10, NaHCO 3 26, MgCl 2 3, CaCl 2 0.1, lactic acid 6. Fresh slices were then transferred to an incubation beaker containing oxygenated external solution 1 and kept at 32
• C for up to 8 h.
For the slice culture, pituitary slices from adult male mice were transferred onto the culture plate mesh (Millicell-CM, Millipore, Billerica, MA, USA) and inserted into the 6-well plate (Cellstar, Greiner Bio-One, Kremsmuenster, Austria). Slices were kept in an incubator at 37
• C, in 95% humidity and 5% CO 2 in phenol red-free Dulbecco's modified Eagle's medium with nutrient mix F-12 (DMEM/F-12; Life Technologies Inc., Grand Island, NY, USA; 100 U penicillin and 100 µg streptomycin ml −1 medium; pH 7.2) for 24 h before the experimentation. Phenol red-free medium was used due to the weak oestrogenic effect of phenol red in the anterior pituitary cells (Hofland et al. 1987) . 17β-Oestradiol was prepared as a 3.7 mm stock solution in ethanol. The final ethanol concentration in the medium was less than 0.0001%, thus having no effect on the Ca 2+ current density (Ritchie, 1993) . To test the effect of oestrogen, 1 nm 17β-oestradiol was added to the culturing medium. The control slices for the 17β-oestradiol treated slices were also cultured for 24 h. This set of experiments was performed in the external solution 3 with 5 mm CaCl 2 (see below).
Measurement of intracellular cAMP content in the melanotrophs
After decapitation and pituitary removal (see above), neurointermediate lobes (NIL) were separated from anterior pituitary with Dumont forceps (Fine Science Tools Inc., Vancouver, Canada) under the Olympus SZX9 stereomicroscope (Olympus, Tokyo, Japan). NILs were left enzymatically and mechanically intact in order to reduce the stress and assure precise [cAMP] i measurements of the preparation. The cAMP content was determined with a cAMP Biotrak enzyme immunoassay kit using non-acetylation enzyme immunoassay (EIA) procedure (Amersham Biosciences, Piscataway, NJ, USA).
Electrophysiology
Changes in cell membrane capacitance ( C m ) and Ca 2+ currents were measured in single melanotrophs within intact clusters of the intermediate lobe of the pituitary gland by using the conventional whole-cell patch-clamp configuration (Neher & Marty, 1982) . In our conditions the intermediate lobe could easily be recognized as a narrow band of tissue engulfing the neuropituitary (Schneggenburger & Lopez-Barneo, 1992; Sedej et al. 2004 ; see online Supplemental material, Fig. 9 ). The vast majority of intermediate lobe cells are melanotrophs (Turner et al. 2005) . During the measurements, the slice was perfused continuously (1-2 ml min −1 ) with external solution 3 composed of (mm): NaCl 125, KCl 2.5, NaH 2 PO 4 1.25, sodium pyruvate 2, myo-inositol 3, ascorbic acid 0.5, glucose 10, NaHCO 3 26, MgCl 2 1, CaCl 2 2, lactic acid 6. The osmolality of extracellular solutions 1 and 3 and intracellular solution was 300 ± 10 mosmol kg −1 , whereas external solution 2 was hypertonic with 360 ± 10 mosmol kg −1 . External solutions 1, 2 and 3 were continuously bubbled with 95% O 2 and 5% CO 2 to keep the pH stable at 7.3.
The intracellular solution was (mm): CsCl 140, Hepes 10, MgCl 2 2, TEA-Cl 20, Na 2 ATP 2, EGTA 0.05. Na 2 ATP was omitted in Fig. 1B . Cyclic AMP and ATP were prepared as stock solutions and diluted in the pipette solution before the pH was adjusted to 7.2 with CsOH. The PKA inhibitor H-89 (Calbiochem, San Diego, CA, USA) was dissolved in DMSO and added to the external solution 3 prior to the experiments to reach a final concentration of 1 µm; pituitary slices were perfused for at least 10 min with H-89 before recording. The final DMSO concentration in the external solution was less than 0.01%. The competitive antagonist of cAMP binding to PKA, Rp-adenosine 3 ,5 -cyclic-monophosphorothioate triethylammonium salt (Rp-cAMPS; Biolog Life Science Institute, Bremen, Germany) and PKA agonist, 6-Phe-cAMP (Biolog) were included in the pipette solution at concentrations of 0.5 mm and 0.1 mm, respectively. A selective cAMP-GEF/Epac agonist, 8-(4-chlorophenylthio)-2 -O-methyl-adenosine 3 ,5 -cyclic monophosphate (8-pCPT-2Me-cAMP; Biolog), was used at concentration of 0.1 mm. At least 5 min were allowed for a full dialysis (Eliasson et al. 2003) and ATP washout (Parsons et al. 1995) . All chemicals were obtained from Sigma (St Louis, MO, USA) unless otherwise stated.
Cells were visualized with an upright Nikon Eclipse E600 FN microscope (Nikon, Tokyo, Japan) and a mounted CCD camera (Cohu, San Diego, CA, USA). Pipettes were pulled from borosilicate glass capillaries (WPI, Sarasota, FL, USA) using a P-97 puller (Sutter Instruments, Novato, CA, USA) and heat polished to obtain a resistance of 2-4 M in CsCl-based solution. Whole-cell currents and capacitance changes were measured with a lock-in patch-clamp amplifier (SWAM IIC, Celica, Ljubljana, Slovenia), low-pass filtered (3 kHz, −3 dB) and stored on a standard PC. The cells were voltage clamped at −80 mV. Ca 2+ currents were leak corrected. Cells that showed less than −30 pA peak amplitude Ca 2+ current (∼10%) were discarded from the analysis. For pulse generation, data acquisition and basic analysis, we used WinWCP V3.3.9. software from J. Dempster (Strathclyde University, Glasgow). High-resolution capacitance measurements (in the femtofarad range) were made by using the compensated technique as previously described (Zorec et al. 1991) , using a sinusoidal voltage (1600 Hz, 10 mV peak-to-peak). To determine C m values, membrane capacitance was first averaged over 30 ms preceding the J Physiol 567.3 depolarization to obtain a baseline value, which was subtracted from the value estimated after the depolarization averaged over a 40 ms window. The first 30 ms after the depolarization was excluded from the C m measurement to avoid contamination by non-secretory capacitative transients related to gating charge movement (Horrigan & Bookman, 1994) . The use of tetrodotoxin was avoided because it prolongs a transient non-secretory capacitance change (Horrigan & Bookman, 1993) .
All electrophysiological experiments were performed at 30-32
• C. Control experiments (no cAMP in the patch pipette) were performed on adult male melanotrophs, unless otherwise noted. Signal processing and curve fitting was done using SigmaPlot (Systat Software Inc., Point Richmond, CA, USA) and Matlab (Mathworks, Novi, MI, USA). Data and results are reported as mean ± s.e.m. for the indicated number of experiments. Estimates of the number of vesicles released are based on a value of 1 fF per vesicle for adult melanotrophs (Thomas et al. 1993b) . Differences between samples were tested using Student's paired t test, one-way ANOVA (by Tuckey's post hoc follow up test) and one-way ANOVA on Ranks (by Dunn's test, SigmaStat, Systat Software Inc.). The significance level was chosen at P < 0.05.
Ca
2+ measurements
Fura-PE3 (TEF Laboratories, USA; 50 µm added to the pipette solution) was used to monitor intracellular Ca 2+ -concentration ([ Ca 2+ ] i ) changes simultaneously with the patch-clamp recordings. Cells loaded with fura-PE3 remain brightly loaded and lack fluorescent dye compartmentalization for hours (Vorndran et al. 1995) . Monochromatic light (Polychrome IV; TILL Photonics, Germany) alternating between 340 and 380 nm (50 Hz) was short-pass filtered (at 410 nm) and reflected by a dichroic mirror (centred at 400 nm) to the perfusion chamber. The emitted fluorescence was transmitted by the dichroic mirror and further filtered through a 470 nm barrier filter. Images were obtained using a cooled emCCD camera (Ixon, Andor Technology, Japan) and native Andor software. [ Ca 2+ ] i was calculated from the intensity ratios of the background subtracted images obtained with 340 and 380 nm excitation light according to established methods (Grynkiewicz et al. 1985) as:
where K d is the dissociation constant (264 nm), β is the fluorescence ratio of free/bound fura-PE3 measured with 380 nm excitation, R is the experimentally derived fluorescence ratio, and R min and R max are ratios measured using calibration solutions containing no Ca 2+ or saturating Ca 2+ , respectively; these were determined from in vivo calibrations. The mean values (n = 3) of R min , R max and β were 0.15, 1.17 and 6.45, respectively. Image processing and calculations were performed by a custom Matlab script.
Results
The effect of cAMP on Ca 2+ -dependent secretory activity
Under control conditions, a prolonged stimulation (200 depolarization pulses from −80 mV to 10 mV at 10 Hz, 40 ms duration) elicited a sustained elevation in [Ca 2+ ] i (Fig. 1A) . The capacitance increase was significant during the initial 100 pulses, but the rate of the capacitance increase progressively declined towards the end of the depolarizing train (Figs 1A and 2A; Parsons et al. 1995) . The reduced rate of capacitance increase may reflect a balance between exo-and endocytosis in the cell. However, the latter is unlikely as no significant endocytotic activity was detected after the end of the train ( Fig. 1A ; Turner et al. 2005) . After the train ceased, intracellular calcium decreased within a few seconds to the resting level of 197 ± 23 nm (n = 18). A sustained train of depolarizing pulses did not produce significant changes in membrane conductance (G m ).
A detailed analysis of the cytosolic Ca 2+ and capacitance increase during the depolarization train revealed two separate kinetic exocytotic components ( Fig. 1B and C) . The gradual change in the cytosolic Ca 2+ during the first depolarizing pulses can be taken as an equivalent of a Ca 2+ ramp elicited by the slow caged Ca 2+ release (Fig. 1B , top trace; Zhu et al. 2002) . The Ca 2+ ramp induced a linear increase (average slope: 39 ± 11 fF s −1 ; n = 4) in membrane capacitance followed by an additional exocytotic component at > 800 nm [Ca 2+ ] i (threshold level; Fig. 1B ). The initial linear component probably represented the exocytosis of the release-ready vesicles as they fused in the ATP-independent manner (Fig. 1C) . The linearity of this process is not surprising since the global Ca 2+ changes in the cytosol did not vary significantly during the train of pulses (Fig. 1C, top trace, dotted line) . A linear response in the capacitance to a step-wise increase in [Ca 2+ ] i to > 10 µm was previously observed in rat melanotrophs using flash photolysis of caged Ca 2+ as a CAPS-independent secretory activity (Ca 2+ -dependent activator protein for secretion; Rupnik et al. 2000) ; average slope at 15 µm was > 1000 fF s −1 ). To assess how cAMP affects the Ca 2+ -dependent secretory activity in mouse melanotrophs, the experiment was performed with 200 µm cAMP in the pipette solution ( Fig. 2A) . Depolarization-evoked secretory responses were measured as the cumulative increase in membrane capacitance 3 min after the start of dialysis. In the presence of cAMP, the total cumulative capacitance response at the end of the stimulus train was significantly higher (1.947 ± 0.194 pF, n = 8; P < 0.001, Fig. 2A and B) in comparison to the control (1.012 ± 0.153 pF; n = 10). In fact, a significant augmentation in capacitance increase in cAMP-dialysed cells was observed throughout the duration of the train ( Fig. 2A) . Both the linear and threshold component were increased ( Fig. 2A and  B) . The linear component significantly increased in cAMP-treated cells. The average slope of the linear component was 131 ± 17 fF s −1 (n = 5) in cAMP-treated cells and 45 ± 11 fF s −1 (n = 11, P < 0.001) in control cells ( Fig. 2A, inset) .
The cumulative capacitance change in melanotrophs within the first 50 depolarizations is linearly proportional to the cumulative Ca 2+ charge entry (Mansvelder & Kits, 1998; Sedej et al. 2004) and thus the observed augmentation of the exocytotic activity could be the result of an increased Ca 2+ current amplitude. Alternatively, cAMP could act downstream of VACCs and directly affect the exocytotic machinery or mobilize [Ca 2+ ] i from internal stores. We found that cAMP significantly increased peak of high VACC amplitude from 76.3 ± 2.4 pA (n = 75) in control cells to 102.1 ± 8.1 pA (n = 19; P < 0.006) in cAMP-treated cells ( Fig. 2C and D) . The stimulation of secretory output by cAMP (∼100%) cannot be solely attributed to the increased Ca 2+ influx from the extracellular space (∼34%).
Ca
2+ mobilizing action of forskolin in mouse pituitary
To address whether cAMP has additional Ca 2+ mobilizing action in the intact melanotrophs, pituitary slices were stimulated with 10 µm forskolin, an adenylyl cyclase activator, while changes in fluorescence were monitored using Ca 2+ indicator, fura PE-3 AM. As shown in Fig. 3 , addition of forskolin caused no change in [Ca 2+ ] i in melanotrophs. In contrast, anterior pituitary cells responded with a sustained increase in fluorescence ratio, an indicator of [Ca 2+ ] i changes (see also Supplemental material Fig. 10 and Movie 1). The delay between application and the effect of forskolin was partially due to the time required for forskolin to reach the final concentration in the deeper layers of the tissue slice and initiate the production of cAMP, which released Ca 2+ from the internal stores. No change in Ca 2+ -activated Cl − currents (Turner et al. 2005 ) associated with cAMP treatment was observed (not shown). Since the increase of the Ca 2+ -dependent secretory activity could not be exclusively attributed to the increased density of VACCs, we wanted to examine the direct effect of cAMP on the secretory machinery.
PKA-dependent versus cAMP-GEFII/Epac2-dependent secretory activity
So far, only the PKA-dependent pathway has been reported in melanotrophs to contribute to cAMP-dependent stimulation of the secretory activity (Lee, 1996; Sikdar et al. 1998) . Recently an abundant expression of cAMP-GEFII/Epac2 mRNA in the mouse anterior pituitary (Ozaki et al. 2000) and also in the intermediate lobe (T. Iwanaga & S. Seino, personal communication) has been shown, suggesting an alternative cAMP mechanism. Rp-cAMPS (0.5 mm), a competitive antagonist of cAMP binding to PKA, significantly but not completely reduced cumulative C m (P < 0.04; n = 5), despite unchanged peak VACCs amplitude compared to control melanotrophs (Fig. 4A, C and E) . Simultaneous dialysis of 0.5 mm Rp-cAMPS and 200 µm cAMP elicited comparable cumulative C m (1.060 ± 0.266 pF; n = 6) and peak high-voltage activated (HVA) Ca 2+ current (−71.7 ± 19.2 pA, n = 6) as in control cells (Fig. 4A, C and E), suggesting that PKA was responsible for the cAMP effect. Surprisingly, the treatment with Rp-cAMPS always produced an increase in the slope of the linear component (99 ± 20 fF s −1 , n = 4; Fig. 4A inset and D) , which did not differ from the coapplication of Rp-cAMPS/cAMP (100 ± 14 fF s −1 , n = 6; Fig. 4A inset and D) . Recently (Rehmann et al. 2003) showed that Rp-cAMPS is also able to block human cAMP-GEFI/Epac1, while the effect on cAMP-GEFII/Epac2 still remains to be elucidated. Thus, to ascertain whether the action of Rp-cAMPS is identical to inhibitors of PKA catalytic activity, we applied H-89. As shown in Fig. 4B , H-89 together with cAMP significantly abolished the cAMP effect, indicating the presence of PKA-dependent pathway. The cumulative capacitance response under these conditions was 1.408 ± 0.25 pF (n = 9). While the evoked cumulative capacitance change from cells treated with H-89 alone was comparable with secretory response from control cells (0.97 ± 0.184 pF; n = 6), the time profile of triggered Ca 2+ -dependent exocytosis between the two groups differed, as only linear component appeared to be present in the H-89-treated cells (29 ± 6 fF s −1 , n = 6; Fig. 4B inset and D) . The application of both H-89 and cAMP significantly increased the average slope of the linear component (94 ± 29 fF s −1 , n = 9; P < 0.02; Fig. 4B inset and D) . The application of 6-Phe-cAMP, PKA type I and II agonist, resulted in an increased secretion (2.606 ± 0.505 pF; n = 6; Fig. 4B and C) that, though not significantly, overshot the cAMP response and significantly increased the amplitude of HVA Ca 2+ currents (−120.3 ± 31.3 pA; n = 5; P < 0.05, Fig. 4E ). The linear component did not significantly differ from control cells after application of 6-Phe-cAMP (60 ± 11 fF s −1 , n = 6; Fig. 4B inset and D) . The possible presence of another cAMP-dependent, PKA-independent pathway involved in secretion was tested with Epac agonist, 8-pCPT-2Me-cAMP. In fact, when 8-pCPT-2Me-cAMP was used the total cumulative C m significantly increased to 1.816 ± 0.299 pF (n = 7; P < 0.02), without affecting HVA Ca 2+ amplitude as depicted in Fig. 5 . The overall capacitance changes as well as the average slope of the linear component in 8-pCPT-2Me-cAMP-treated cells were indistinguishable from the changes in cells dialysed with 200 µm cAMP (102 ± 23 fF s −1 , n = 6; Figs 5A inset and 8D).
Estimation of the size and kinetic properties of release-ready pools
In search of the underlying mechanism responsible for increased early exocytosis, we then used two independent approaches to analyse the influence of cAMP on the size and kinetic properties of releasable pools. In the first approach, we used single depolarization pulses of different duration (between 2 and 200 ms) from −80 mV to 0 mV applied sequentially in random order (Gillis et al. 1996) . Fifteen seconds were allowed for pool refilling between pulses shorter than 40 ms and 30 s for longer pulses. First pulses were applied 3 min after the beginning of whole-cell dialysis. Under control conditions, two rapid components of depolarization-induced exocytosis in mouse melanotrophs were obtained (Fig. 6A) . The fastest component, reflecting the fusion of the IRP, reached its maximum between 20 and 60 ms. These data were best fitted by a single exponential function, which yielded a time constant (τ ) of 10.1 ms (n = 14) and an amplitude of ∼15 fF (Fig. 6A ). This corresponded to the release of approximately 15 vesicles using a conversion factor of 1 fF per vesicle (Thomas et al. 1993b ). The maximal peak secretory rate (∼950 fF s −1 ) was elicited at 5 ms pulses, indicating a short delay between the onset of stimulus and full secretory output. The peak secretory rate in cells from tissue slices was more than double that measured in cultured rat melanotrophs (∼400 fF s −1 ; Table 1 ) (Mansvelder & Kits, 1998) . No significant Ca 2+ current inactivation was observed during 40 ms depolarizing pulses, therefore we attributed the saturation of the fast capacitance response to the depletion of the IRP.
In our experiments with cAMP, no significant difference in C m was observed after the first short pulses with respect to control cells ( Figs 6A and C) ; however, 40 ms depolarizations evoked an increase in C m of 26.1 ± 3.7 fF (n = 9) in cAMP-treated cells and 8-pCPT-2Me-cAMP-treated cells (27.0 ± 5.4 fF; n = 8), which is significantly larger compared to control cells (13.5 ± 2.3 fF, n = 10, both P < 0.001; Fig. 6D ). The following slower component was, as in the control, best fitted by a linear function. The slopes as the estimate for the slow secretory rate were ∼170 fF s −1 and ∼350 fF s
for control and cAMP-treated cells, respectively. Pulses of ≥ 200 ms duration showed no further increase in secretion due to the Ca 2+ current inactivation. After increasing extracellular [Ca 2+ ] from 2 to 5 mm, no statistical difference in C m was observed (Fig. 6B) , indicating that this process was limited by the pool size rather than [Ca 2+ ] i as has also been suggested by (Heinemann et al. 1994) .
A comparison of the IRP sizes evoked by 20 ms pulses is presented in Fig. 6C , showing no difference between control and cAMP-treated cells. However, at pulses equal to or longer than 40 ms, cAMP significantly increased the exocytotic response (Fig. 6D) , suggesting that equivalent Ca 2+ entry at higher cAMP increased the fusion of the release-ready vesicles outside the Ca 2+ microdomain. Remarkably, a comparable increase was also achieved in the presence of 8-pCPT-2Me-cAMP, demonstrating a cAMP-GEFII/Epac2-dependent underlying mechanism (Fig. 6D) .
For more accurate estimation of the IRP size, we applied a dual-pulse protocol as previously described (Gillis et al. 1996) . Two 40 ms depolarizations separated by a 60 ms interval were chosen to elicit secretory vesicle depletion. Pulse amplitudes were set at −10 mV and Note differences compared to control: cAMP-treated (P < 0.001) and 6-Phe-cAMP-treated melanotrophs (P < 0.02, one-way ANOVA). D, bar graph of the average slope of linear component. Note statistical differences compared to control: cAMP-(P < 0.001), Rp-cAMPS/cAMP-(P < 0.01), Rp-cAMPS-(P < 0.01) and H-89/cAMP-treated cells (P < 0.01; one-way ANOVA). E, bar graph of the peak HVA Ca 2+ current amplitudes. Note the significant difference from control with respect to cAMP-treated cells and 6-Phe-cAMP (P < 0.05; one-way ANOVA on Ranks). Numbers on bars or in parentheses indicate the number of cells tested. Asterisks indicate statistical significance. 0 mV to obtain two comparable Ca 2+ charge injections during both pulses (Fig. 7A) . A single set of paired pulses was applied 2 min after the onset of whole-cell mode. Following the analysis of (Gillis et al. 1996) , only cells with R < 0.7 can be used (where R = C m2 / C m1 ), as substantial pool depletion is a prerequisite for accurate pool size determinations. While the latter criterion was fulfilled in only less than 60% of cAMP-treated cells in contrast to more than 80% of control cells tested, we could not use this protocol to estimate the IRP size as previously suggested (Gillis et al. 1996) . Thus, the sum (S = C m1 + C m2 ), calculated from the capacitance increases, where C m1 is the capacitance response to the first and C m2 to the second depolarization (Fig. 7A) , was taken to estimate the number of release-ready vesicles fusing during a dual-pulse protocol. We found that under control conditions this protocol stimulated a fusion of ∼21 vesicles (S: 20.5 ± 2.6 fF), while in cAMP treated cells ∼46 vesicles (45.7 ± 8.5 fF; P < 0.002; Fig. 7B ) fused during the same stimulation. As the IRP was not affected (Fig. 6C) , cAMP acted primarily on secretory vesicles outside the Ca 2+ microdomain.
17β-Oestradiol and regulation of exocytosis
In oestrogen-rich pituitaries about a twofold increase of secretory activity was observed (Sedej et al. 2004) , suggesting that oestrogen might regulate exocytosis by a cAMP-dependent pathway (Zhou et al. 1996) . We measured the cytosolic levels of cAMP in adult male and pregnant female mice and found that in neurointermediate lobe from the terminally pregnant mice (day 19), the cAMP levels were significantly increased (P < 0.02; Fig. 8A ). Consistent with this, as shown in Fig. 8B , the capacitance response of melanotrophs from pregnant females tightly followed the response from cAMP-treated cells, which resulted in the significantly higher cumulative C m change from control cells and was 1.880 ± 0.192 pF ( Fig. 8C ; n = 9; P < 0.004). In addition, the peak amplitude of HVA Ca 2+ currents was also significantly increased in comparison to control cells ( Fig. 8E ; −99.1 ± 6.0 pA and 76.3 ± 2.4 pA; P < 0.05, respectively). A linear component was also comparable to the cAMP-treated cells (109 ± 20 fF s −1 , n = 13, P < 0.01; Fig. 8B inset and D) . Capacitance changes triggered by the depolarization train in melanotrophs from pregnant mice also did not differ from cAMP-GEFII/Epac2-treated cells (Figs 4A and 8B) . Next, we were specifically interested in the effect of 17β-oestradiol on the size of the secretory pool released by a pair of 40 ms depolarizations. Melanotrophs from pregnant female and 17β-oestradiol-treated male pituitaries were investigated using the dual-pulse protocol (Fig. 8F) . The size of secretory pools released by the protocol in pregnant females (S: 47.5 ± 4.5 fF; n = 10; P < 0.01) and 17β-oestradiol-treated males (S: 38.3 ± 7.4 fF; n = 10; P < 0.04; Fig. 8E ) were significantly different from control male melanotrophs incubated for 24 h in the absence of 17β-oestradiol, where the S-value was 18.7 ± 3.7 fF (n = 8). Similarly, as in cAMP-treated cells, newborn melanotrophs also showed significantly elevated capacitance response (S) of 29.3 ± 4.9 fF (n = 14; P < 0.03; Fig. 8F ), indicating increased activity of cAMP in these cells. We can conclude that both PKA-dependent and cAMP-GEFII/Epac2 pathway are modulated during increased physiological demand, e.g. during pregnancy.
Discussion
Our primary goal was to assess the effect of cAMP on the Ca 2+ -dependent exocytosis evoked by depolarization trains in mouse melanotrophs from acute pituitary tissue slices. For this, Ca 2+ currents and high-resolution capacitance measurements were used to trace changes in peak Ca 2+ current amplitude, size and kinetic properties of the exocytotic process.
The secretory rates obtained in membrane capacitance recordings from melanotrophs in slices are faster than those observed in isolated cells (Fig. 6A and Table 1 ). The rapid kinetics of secretion in melanotrophs in slices Figure 5 . Stimulation of PKA-independent pathway in melanotrophs A, the averaged cumulative C m trace from 8-pCPT-2Me-cAMP-treated cells (•). B, the cumulative C m , mean ± S.E.M., from control, cAMP-treated and 8-pCPT-2Me-cAMP-treated cells. Note the significant differences compared to control: cAMP-treated and 8-pCPT-2Me-cAMP-treated melanotrophs (P < 0.006 and P < 0.02, respectively; one-way ANOVA). C, the peak HVA Ca 2+ current amplitudes. No significant difference was found in 8-pCPT-2Me-cAMP-treated cells. Numbers on bars or in parentheses indicate the number of cells tested. Asterisks indicate statistical significance.
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is probably due to the close spatial coupling of release sites and VACCs (Moser & Neher, 1997b) . This resulted in a separation of two kinetic components which were not readily seen in cultured pituitary cells (Mansvelder & Kits, 1998) . As in numerous previous studies, all the rapid capacitance increases (Figs 6, 7 and 8F) were assumed to reflect purely the exocytosis of large, dense core vesicles, although they may partially represent a group of unidentified synaptic-like vesicles in melanotrophs. (Mansvelder & Kits, 1998) are displayed for comparison (grey squares). B, by increasing extracellular Ca 2+ from 2 to 5 mM no difference was observed in the IRP in control male melanotrophs. Numbers on the bars indicate the number of cells tested. C, C m triggered by a single 20 ms depolarization pulse in isolated rat adult melanotrophs (grey bar), control and cAMP-treated adult mouse melanotrophs (white bars) from tissue slices. D, C m triggered by a single 40 ms depolarization pulse in isolated rat adult melanotrophs (grey bar); control, cAMP-treated, 8-pCPT-2Me-cAMP-treated, H-89-treated, H-89 + cAMP-treated and 6-Phe-cAMP-treated adult mouse melanotrophs (white bars) from tissue slices. Note the significantly increased C m between control and cAMP-treated cells (P < 0.001) and 8-pCPT-2Me-cAMP-treated melanotrophs (P < 0.02). Data are means ± S.E.M. of double random stimulation from at least seven cells.
Prior studies of cultured rat melanotrophs using caged calcium released by the flash photolysis suggest an IRP equivalent, the fastest component occurring within 140 ms at 30-34
• C (∼250 secretory vesicles) (Thomas et al. 1993a; Horrigan & Bookman, 1994; Parsons et al. 1995; Rupnik et al. 2000) . It is, however, not clear whether this fastest kinetic phase is an equivalent to the IRP as elicited by depolarizations. A recently suggested alternative favours a separate, high-calcium sensitive pool (Wan et al. 2004) to represent this initial secretory burst, with low affinity release-ready processes fusing only later.
The results demonstrate that 200 µm cAMP doubles the total cumulative C m in response to a train of depolarizing pulses in adult melanotrophs from slices ( Fig. 2A and B) . This augmentation is consistent with previously published data from experiments using dialysis in rat melanotrophs (Yamamoto et al. 1987; Lee, 1996; Sikdar et al. 1998 ). The present study also confirms that increase in intracellular cAMP concentration, and thereby activation of PKA, regulates Ca 2+ -dependent exocytosis (Lee, 1996; Sikdar et al. 1998) , primarily through the PKA-dependent modulation of the VACCs. In fact, PKA activation by 6-Phe-cAMP, which is a potent activator of PKA (Ogreid et al. 1989) , significantly increased the density of the VACCs, which resulted in a 2.5-fold cumulative Figure 7 . Dual-pulse protocol in control and cAMP-treated melanotrophs A, two pulses were designed to elicit a secretory vesicle depletion and equal the total amount of Ca 2+ influx. Paired pulses of 40 ms duration were given 60 ms apart and the potentials of the first and second pulses were adjusted to −10 and 0 mV, respectively. B, means ± S.E.M. for S values ( C m1 + C m2 ) were calculated from responses to the dual-pulse 40 ms protocol in the absence (white bars, n = 14) and presence (grey bars, n = 13) of 200 µM cAMP in melanotrophs. Numbers on the bars indicate the number of cells tested. Asterisks indicate statistical significance (P < 0.002).
capacitance increase compared to control ( Fig. 4B and  C) . The increased exocytosis could be partially also due to the weak stimulation of Epac, since it has been shown that several 6-modified cAMP analogues (including 6-Phe-cAMP) were full cAMP-dependent PKA agonists and poor agonists of Epac activation (Christensen et al. 2003) . On the other hand, both Rp-cAMPS, a competitive antagonist of cAMP binding to PKA, and H-89, a specific PKA antagonist as well as the cAMP washout in so-called control experiment diminished the VACC density and limited the capacitance change (Fig. 4A-C and E) . The cAMP-dependent modulation of the VACCs seems to be the only source for the increase in the cytosolic Ca 2+ since cAMP in melanotrophs did not trigger the release from the internal stores ( Fig. 3 and Supplemental material Figs 9 and 10 and Movie 1).
It is important to point out that two kinetic components can be readily distinguished using the train of depolarizing pulses, a linear and a threshold component. The initial linear component probably represents the ATP-and PKA-independent fusion (not affected by H-89) of the release-ready vesicles. The rate of the fusion suggests a low Ca 2+ -affinity process, which can be significantly sped up at higher [Ca 2+ ] i > 10 µm using flash photolysis of caged Ca 2+ (Rupnik et al. 2000) . This linear component can be selectively stimulated by a cAMP-GEF agonist, [cAMP] i was measured as described in Methods. Asterisk indicates statistical significance (P < 0.02). Numbers on bars indicate the number of animals tested. B, the averaged cumulative C m trace from melanotrophs of pregnant mice (day 19) resemble the cumulative C m response from the cAMP-treated melanotrophs. C, bar graph of the cumulative C m mean ± S.E.M. from control, cAMP-treated (P < 0.001) and cells from pregnant mice (P < 0.002; one-way ANOVA). D, bar graph of the average slope of the linear component. Note statistical differences compared to control: cAMP-(P < 0.001), 8-pCPT-2Me-cAMP-treated cells (P < 0.03) and cells from pregnant female (P < 0.03; one-way ANOVA). E, bar graph of the peak HVA Ca 2+ current amplitudes. Note that pregnant mice show significantly higher peak HVA Ca 2+ current amplitudes with respect to control (P < 0.05, one-way ANOVA). Numbers on bars or in parentheses indicate the number of cells tested. F, mean ± S.E.M. for S values ( C m1 + C m2 ) were calculated from male control cells (24 h at 37 • C no 17β-oestradiol), 17β-oestradiol-treated male melanotrophs (P < 0.04; 1 nM, 24 h at 37 • C) and cells from pregnant female mice (P < 0.01) in 5 mM CaCl 2 extracellularly, while data for newborn cells were obtained from 2 mM CaCl 2 extracellularly (P < 0.03). Overall, oestrogen-rich pituitaries showed about twofold increase in S.
8-pCPT-2Me-cAMP (Fig. 8D) , although the latter has been reported to have also an agonistic action on PKA at the concentration used (100 µm) (Enserink et al. 2002) . Interestingly, a similar increase of the linear component was observed in Rp-cAMPS-and Rp-cAMPS/cAMP-treated cells. This argues with the previous published data, where Rp-cAMPS is able to block human cAMP-GEFI/Epac1 (Rehmann et al. 2003) . However, the effect of Rp-cAMPS on Epac2 has not been known yet. Our data suggest that the competitive antagonist for PKA might directly activate cAMP-GEFII or it might competitively free cAMP that can then be utilized by cAMP-GEFII/Epac2 (Fig. 4D) . The threshold exocytotic component, on the other hand, seems to follow a high Ca 2+ affinity dependence (Yang et al. 2002) and is an ATP-and PKA-dependent process. Different densities of VACCs therefore directly influence this delayed secretory response (Sedej et al. 2004) . The onset of the threshold component in the presence of increased [Ca 2+ ] i was probably due to the affected dynamics of vesicle mobilization, priming and fusion, as demonstrated in chromaffin cells (Heinemann et al. 1994) . However, it is unknown whether cAMP affects the priming process directly.
Among possible mechanisms that could be responsible for the cAMP-dependent increase of Ca 2+ -dependent secretory activity, two might account for this. First, high cAMP increased the peak HVA Ca 2+ current amplitude by about 34% (Fig. 2C and D) , presumably through phosphorylation by PKA (Dolphin, 1995; Carabelli et al. 2003) . However, the 34% increase in the HVA peak Ca 2+ current amplitude measured in our cells (cAMPand 6-Phe-cAMP-treated) can only partially explain the twofold increase of exocytosis, since a linear relationship between Ca 2+ charge and exocytosis was observed (Mansvelder & Kits, 1998) . Second, it is possible that the increase in the secretory vesicle size is the mechanism underlying the enlarged contribution of the fusion of secretory vesicles outside of the Ca 2+ microdomains to the Ca 2+ -dependent capacitance change. The increase in secretory activity by cAMP is associated with an increase in the size of unitary exocytotic events in rat melanotrophs (Sikdar et al. 1998) , rat chromaffin cells (Carabelli et al. 2003) and pancreatic β-cells (Smith et al. 1995) . However, the underlying molecular mechanism is not yet known. From our data, it is tempting to speculate that the cAMP-GEFII/Epac2-dependent pathway is involved in the pre-exocytotic fusion of the release-ready secretory vesicles (Supplemental material Fig. 11 ). We expected that the effect of cAMP on membrane capacitance in cells treated with H-89 would resemble those with 8-pCPT-2Me-cAMP. Indeed, cAMP did have an effect together with H-89 treatment, since the average slope of the capacitance change was significantly increased (Fig. 4D ) and comparable to 8-pCPT-2Me-cAMP (Fig. 8D) . However, as one might argue, we failed to demonstrate this effect with the single pulse capacitance analysis (Fig. 6D) .
The increase in HVA Ca 2+ current amplitude was observed in the presence of cAMP (Fig. 2C and D) and 6-Phe-cAMP (Fig. 4E) . However, after the PKA block by Rp-cAMPS and H-89, cAMP dialysis failed to increase the amplitude of HVA Ca 2+ current (Fig. 4E) . The activation of cAMP-GEFII/Epac2-dependent pathway by 8-pCPT-2Me-cAMP (Fig. 5C ) did not modify the VACC amplitude, which is in line with the view that these channels are modulated by PKA (Dolphin, 1995) . 6-Phe-cAMP activation of PKA significantly increased the VACC density and also the delayed threshold component of the Ca 2+ -dependent secretory activity suggesting this delayed exocytosis depended on the PKA-dependent modulation of Ca 2+ channels (Fig. 4) . On the other hand, the early linear component which showed sensitivity to cAMP-GEF/Epac modulator (8-pCPT-2Me-cAMP) did not seem to depend on the VACC density since the secretion was augmented despite the unchanged density of VACCs. One of the multifaceted effects of oestrogen is the ability to activate adenylyl cyclase and increase cAMP levels in the cells within minutes after exposure to the hormone (Gu & Moss, 1996) . However, the rapid onset of the 17β-oestradiol effect in slices was not observed during the initial 10 min of the whole-cell dialysis. This indicates that increased L-type VACC density and Ca 2+ -dependent secretory activity under higher oestrogen levels might be a genomic effect (Sedej et al. 2004) . In addition to the direct genomic effects via classical nuclear oestrogen receptors, oestrogen can activate intracellular signalling pathways to indirectly affect genomic activity via other transcriptional regulators like cyclic-AMP response element binding protein (CREB) (Aronica et al. 1994; Wade & Dorsa, 2003) . A possible cross-talk of rapid oestrogen signalling with genomic oestrogen actions might be involved in cAMP action in melanotrophs, since increased cAMP levels were found in the melanotrophs of pregnant mice (Fig. 8A) . Given that 8-pCPT-2Me-cAMP stimulated the secretory response in a very similar manner to cAMP (Fig. 4A) and accurately mimicked the response in melanotrophs of pregnant mice (Fig. 8B) , our study implies a novel physiological role of the cAMP-GEFII/Epac2-dependent mechanism.
In conclusion, our data suggest that cAMP-GEFII/Epac2 mediates an increase in efficacy of cytosolic Ca 2+ to recruit release-ready vesicles, thus strengthening stimulus-secretion coupling and significantly increasing peptide hormone output during increased physiological demand, e.g. during pregnancy. The kinetic separation of release-ready vesicles and both cAMP-dependent pathways form a basis for future analysis of the role of proteins involved in late steps of Ca 2+ -dependent exocytosis. Center for Molecular Physiology of the Brain (DFG).
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